Introduction {#cesec10}
============

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) uses the angiotensin-converting enzyme 2 (ACE2) as the receptor for its spike protein to invade cells and replicate.[@bib1] ACE2 presents a high homology with ACE, a key enzyme in the regulation of blood pressure.[@bib2] In some animal studies, renin--angiotensin--aldosterone system (RAAS) inhibitors (a category that includes ACE inhibitors and angiotensin-receptor blockers) have been reported to increase expression of ACE2.[@bib3], [@bib4], [@bib5] These findings have led some researchers to postulate that the use of these drugs might enhance the access of SARS-CoV-2 into cells, predisposing patients to infection or increasing severity of COVID-19.[@bib6], [@bib7], [@bib8] This hypothesis was fuelled by results from the first case series that was published in which age, hypertension, diabetes, and coronary heart disease---conditions associated with the use of RAAS inhibitors---were identified as potential risk factors for severe cases and in-hospital deaths.[@bib9], [@bib10], [@bib11], [@bib12] By contrast, other authors have proposed use of angiotensin-receptor blockers as a preventive measure, or even a therapy, for COVID-19 because of their potential to reduce lung injury caused by angiotensin II.[@bib13] RAAS inhibitors are among the most widely used drugs globally for indications such as hypertension, heart failure, kidney complications of diabetes, and myocardial infarction; hence their discontinuation because of COVID-19 could cause patients harm.[@bib14] [Scientific societies](http://www.nephjc.com/news/covidace2){#interrefs10} and drug regulatory agencies alike have advised against their discontinuation until sound evidence is available.[@bib15]

Research in context**Evidence before this study**Inhibitors of the renin--angiotensin--aldosterone system (RAAS) have been hypothesised to predispose patients to more severe COVID-19. This hypothesis is based on two facts: these drugs have been reported to upregulate the expression of angiotensin-converting enzyme (ACE) 2, the gateway used by severe acute respiratory syndrome coronavirus 2 to enter cells, and patients with severe COVID-19 have a high prevalence of cardiovascular diseases. Many scientific societies adopted the position of not recommending the discontinuation of treatment. Yet, epidemiological evidence is lacking and the hypothesis has not been confirmed or refuted. We searched PubMed on April 15, 2020, for publications in English since Jan 1, 2020, using the search terms "COVID-19" and "ACE inhibitors OR angiotensin-converting enzyme inhibitors OR angiotensin receptor blockers OR RAAS inhibitors OR RAS inhibitors OR RAAS blockers OR RAS blockers", filtering by "human" and "observational study", and no result was returned.**Added value of this study**Using a case-population study design, we found no difference between the risk of COVID-19 requiring admission to hospital associated with the use of RAAS inhibitors and the risk associated with the use of other antihypertensive drugs, once fully adjusted for age, sex, and cardiovascular comorbidities and risk factors. Additionally, we found no increased risk with either ACE inhibitors or angiotensin-receptor blockers. The lack of association between RAAS inhibitors and risk of COVID-19 requiring admission to hospital was observed in both the most severe (fatal cases and those needing admission to an intensive care unit) and less severe inpatients.**Implications of all the available evidence**The available evidence supports that RAAS inhibitors are safe and should not be discontinued for fear of an increased risk of COVID-19.

To provide a solution to this urgent issue, we designed a pharmacoepidemiological study with the aim of assessing whether the odds of exposure to RAAS inhibitors relative to other antihypertensive drugs was higher among patients with COVID-19 admitted to hospital than in the general population, adjusted for age, sex, and cardiovascular comorbidities and risk factors.

Methods {#cesec20}
=======

Study design and participants {#cesec30}
-----------------------------

In this case-population study, we used an epidemiological approach, conceived as a surveillance method to assess adverse drug effects,[@bib16] to provide a rapid answer to our study question. Briefly, this method uses data from a series of patients with an illness from a specific region (cases) and data from patients randomly sampled from a primary health-care database in the same region (population controls). Assuming that the primary health-care database represents the source population of the cases, a random sample of controls from that database would provide a valid estimate of the prevalence of the exposure and covariates in the source population, approaching the primary base paradigm of case-control studies.[@bib17]

Here, we collected data on patients (cases) aged 18 years or older with a PCR-confirmed diagnosis of COVID-19 who were admitted to seven hospitals in Madrid, Spain, between March 1 and March 24, 2020. During the study period, the Madrid region was in the upward part of the outbreak, with an average of 465 inpatient admissions, 48 intensive care unit (ICU) admissions, and 76 deaths per day associated with COVID-19 (official data are available [online](https://covid19.isciii.es/){#interrefs20}). The seven participating hospitals belong to the National Health System (NHS) and are distributed all over the Autonomous Community of Madrid ([appendix p 2](#sec1){ref-type="sec"}). Cases were selected consecutively according to the date of admission to hospital until the planned sample size was met in a competitive manner. For our population controls, we used a random sample of ten individuals per case, individually matched to our cases by sex, age (exact), region (ie, Madrid), and date (day and month), extracted from the last available year (2018) from the primary health-care database Base de datos para la Investigación Farmacoepidemiológica en Atención Primaria ([BIFAP](http://www.bifap.org){#interrefs30}; [figure 1](#fig1){ref-type="fig"} ).Figure 1Case-population study designCOVID-19 cases requiring admission to hospital were selected consecutively from seven hospitals in Madrid, Spain. Data were collected for ten individuals per case who were matched for age, sex, and index date (day and month) of hospital admission of cases (matched controls) from the 2018 Madrid region database of BIFAP, a national primary health-care database. Drug exposure and comorbidities before the index date (2020 for cases and 2018 for controls) were collected from primary health-care records of the NHS in Madrid: for cases through HORUS (an online platform to access primary-care clinical records from any health-care centre of the NHS in Madrid) and for controls through BIFAP. BIFAP=Base de datos para la Investigación Farmacoepidemiológica en Atención Primaria. NHS=National Health System.

The Ethics Research Committee of the University Hospital Príncipe de Asturias (the coordinating centre) assessed the study protocol and granted a favourable opinion on March 18, 2020, including a waiver for the informed consent of patients taking part in the study. The data extracted were fully anonymised and no attempt was made to interview patients or their relatives. The study complied with the provisions of the Spanish legislation and the Declaration of Helsinki 2013. The Scientific Committee of BIFAP granted access to pseudonymised data for controls on March 26, 2020. The study protocol is registered in the EU electronic Register of Post-Authorisation Studies, EUPAS34437, and is available [online](http://www.encepp.eu/encepp/viewResource.htm?id=34501){#interrefs40}.

Data sources and collection {#cesec40}
---------------------------

Information on disease and the clinical disease course of cases was retrieved from hospital medical records, while information on drug exposure and comorbidities before admission were mainly obtained from electronic primary health-care records that can be accessed through the NHS\'s primary health-care data platform, HORUS, by authorised health-care workers in Madrid. All electronic case report forms were sent on a weekly basis from each hospital to the coordinating centre, where data quality control was done. This quality control involved the selection of a random sample of clinical records from each hospital and double-checking the information collected on drug exposure and comorbidities through HORUS. Information on drug exposure and comorbidities of population controls was obtained from the database BIFAP, owned by the Spanish Agency for Medicines and Medical Devices, which extracts information from the electronic primary health-care records of the NHS from participating regions. This database contains information from 1·15 million patients from Madrid, and the distribution of age and sex among patients is comparable to the population census of the region ([appendix pp 3--4](#sec1){ref-type="sec"}). The HORUS and BIFAP databases access the same primary health-care data of patients in the Madrid NHS, and the catchment population of the seven hospitals taking part in the study and the population attending primary care were the same.

Outcomes {#cesec50}
--------

The main outcome variable was admission to hospital of patients with COVID-19 confirmed by a positive PCR test. Hospitals posted in-house protocols for clinical management and hospital admission based on criteria issued by the Ministry of Health, including, but not limited to, respiratory failure (oxygen saturation \<90%, severe hypoxaemia \[partial pressure of oxygen \<60 mm Hg\], or breathing rate \>30 breaths per min, while breathing ambient air); abnormal chest x-ray compatible with COVID-19-associated pneumonia (bilateral pneumonia or unilateral pneumonia with damage in different lung lobes); and relevant clinical alterations including haemodynamic, hepatic, renal, or haematological derangements, together with clinically significant laboratory abnormalities (such as abnormal increase in D-dimer, ferritin, lactate dehydrogenase, or C-reactive protein), or severe lymphocytopenia. The date of admission was considered the index date. Then, we followed up patients and identified those who had been admitted to the ICU or who died in hospital. When considering a severity analysis, these patients were considered to be the most severe cases.

The antihypertensive drugs examined were ACE inhibitors, angiotensin-receptor blockers, renin inhibitors, aldosterone antagonists, calcium-channel blockers, diuretics, β-blockers, and α-blockers for cardiovascular indications ([appendix p 8](#sec1){ref-type="sec"}). Also, we grouped ACE inhibitors, angiotensin-receptor blockers, renin inhibitors, and aldosterone antagonists (alone or combined with any drug) in a variable called RAAS inhibitors; and calcium-channel blockers, β-blockers, diuretics, and α-blockers (alone or combined with other drugs different from RAAS inhibitors) in a variable called other antihypertensive drugs.

We defined exposure to the drug or drugs of interest as current use when an individual had a prescription lasting until the month before the index date; otherwise exposure was defined as non-use. For the main analysis, we generated a variable with the following mutually exclusive categories: non-use of any antihypertensive drug, current use of RAAS inhibitors, and current use of other antihypertensive drugs and we used current use of other antihypertensive drugs as the reference category (unless otherwise specified). When a patient used a RAAS inhibitor concomitantly with any other antihypertensive drug, they were always assigned to the RAAS inhibitor category. Subsequently, we disaggregated the category current use of RAAS inhibitors into their different pharmacological subgroups: ACE inhibitors, angiotensin-receptor blockers (excluding current users of ACE inhibitors), aldosterone antagonists (excluding current users of ACE inhibitors or angiotensin-receptor blockers), and renin inhibitors (excluding current users of any other RAAS inhibitor). For some analyses, we also disaggregated the category current use of other antihypertensive drugs into its respective components (calcium-channel blockers, β-blockers, diuretics, and α-blockers), and used current use of calcium-channel blockers as the reference category. Among current users of RAAS inhibitors, we distinguished when they used the drugs in monotherapy or combined with other antihypertensive drug (either in fixed-dose combinations or concomitant use as separate medicinal products). The date of first prescription of the current treatment episode was also extracted to estimate the duration of treatment (categorised as up to 1 year and longer than 1 year).

Statistical analysis {#cesec60}
--------------------

We estimated the sample size needed for different scenarios of effect size (ie, odds ratio \[OR\]) and prevalence of use of antihypertensive drugs in controls, assuming an α error of 0·05 and a power of 80%. According to this calculation, a sample size of 1000 cases and 10 000 controls would allow us to detect an OR of 1·5 or greater if the prevalence of use of RAAS inhibitors among controls was at least 5%.

We express quantitative variables as mean (SD) and qualitative variables as frequencies and percentages. Differences in means were assessed using the Student\'s *t* test and differences in percentages were assessed using the χ^2^ test. We describe the distribution of comorbidities among cases and controls and their association with COVID-19 requiring admission to hospital was assessed through univariable conditional logistic regression to calculate crude ORs) and 95% CIs (adjusted for age and sex due to matching).

When assessing potential confounding factors (covariates), we considered the presence of the following comorbidities at the index date: history of hypertension, diabetes, dyslipidaemia (defined as use of lipid-lowering drugs), ischaemic heart disease, atrial fibrillation, heart failure, thromboembolic disease, cerebrovascular accident, asthma, chronic obstructive pulmonary disease, chronic renal failure, and cancer. With the cardiovascular risk factors and comorbidities, we constructed a composite variable of background cardiovascular risk with the following three categories: patients with history of any of ischaemic heart disease, cerebrovascular accident, heart failure, atrial fibrillation, or thromboembolic disease; patients with any of the following cardiovascular risk factors (and no cardiovascular disease): hypertension, dyslipidaemia, diabetes, or chronic renal failure; and the remainder of patients without any cardiovascular diseases or risk factors.

We assessed the association between current use of RAAS inhibitors and risk of COVID-19 requiring admission to hospital, compared with either current use of other antihypertensive drugs (main analysis) or non-use of any antihypertensive drug, through univariable and multivariable conditional logistic regressions. In the multivariable model, we included all covariates described as potential confounding factors (with the exception of hypertension) to calculate adjusted ORs and 95% CIs. Current users of RAAS inhibitors had a prevalence of hypertension over 90% ([appendix p 13](#sec1){ref-type="sec"}); for this reason, we did not include hypertension in the multivariable model because the potential for confounding was minimal.

We assessed potential effect modification by age (\<70 *vs* ≥70 years), sex, hypertension, diabetes, and background cardiovascular risk through a stratified analysis. We assessed the statistical interaction by comparing the adjusted ORs across different strata using the Altman and Bland test of interaction.[@bib18] Statistical significance was set at a p value of less than 0·05. However, for stratified analyses we applied Bonferroni correction to allow for multiple testing, for which we set the statistical significance level at a p value of less than 0·008 (0·05 divided by 6---ie, the number of stratified analyses done).

According to COVID-19 severity we differentiated two groups of cases: fatal cases and those requiring admission to an ICU (ie, most severe), and less severe cases. In each group, we analysed the association with RAAS inhibitors as described earlier and compared the adjusted OR across the strata using the Altman and Bland test of interaction.[@bib18]

We planned four sensitivity analyses. First, an analysis for the correction for secular trends. The control series was sourced from a 2018 population, the last available year in the BIFAP database, while cases were from 2020. Thus, in case the prevalence of use of RAAS inhibitors increased over time, the exposure among controls would be an underestimate of 2020 data and, as a result, the adjusted ORs could be overestimated. To assess the magnitude of this potential problem, we examined trends of use of different antihypertensive drug subgroups in the Madrid population in BIFAP over the period 2012--18 and forecast the result corresponding to 2020 via a linear regression model. Then, we divided the prevalence of use estimate for 2020 by the prevalence observed in 2018 for every antihypertensive drug class and took this ratio as an indicator of the overestimation of adjusted ORs. For RAAS inhibitors, the ratio was 1·04 overall (1·05 for ACE inhibitors and 1·01 for angiotensin-receptor blockers), whereas for other antihypertensive drugs, including calcium-channel blockers, the ratio was close to 1·00 ([appendix pp 5--7](#sec1){ref-type="sec"}). In the sensitivity analysis, we corrected for these patterns of use, dividing the adjusted OR of RAAS inhibitors, ACE inhibitors, and angiotensin-receptor blockers by their respective estimated ratios 2020:2018. Second, we assessed the potential effect of media alerts. Concerns about the association between RAAS inhibitors and severe COVID-19 were highlighted in several letters to medical journals[@bib8], [@bib9], [@bib10] and news began to appear in the Spanish press and social media networks after March 16, 2020, when the Spanish Agency for Medicines and Medical Devices published a note recommending not to discontinue these drugs.[@bib15] Because this news might have had an influence on adherence to recorded treatment, we stratified the results into two study periods: March 1--16, and March 17--24. Third, we excluded aldosterone antagonists and renin inhibitors from the RAAS inhibitor group. For the main analysis we included aldosterone antagonists in the RAAS inhibitor group because these drugs have also been reported to upregulate ACE2 expression;[@bib19] but we did a sensitivity analysis to estimate the adjusted ORs among RAAS inhibitors excluding aldosterone antagonists and renin inhibitors. Finally, we included hypertension in our multivariable model.

We did all statistical analyses using STATA/SE (version 15).

Role of the funding source {#cesec70}
--------------------------

The funder of the study had no role in study design, data collection, data analysis, data interpretation, or writing of the report. The corresponding author had full access to all the data in the study and had final responsibility for the decision to submit for publication.

Results {#cesec80}
=======

We collected data on 1139 cases and 11 390 matched controls. Despite being matched by age and sex, cases had a greater prevalence of diverse comorbidities than did controls ([table 1](#tbl1){ref-type="table"} ).Table 1Demographic and clinical characteristics of cases with COVID-19 and population controls**Cases (n=1139)Controls (n=11 390)Crude odds ratio**[\*](#tbl1fn1){ref-type="table-fn"}SexMale695 (61·0%)6950 (61·0%)..Female444 (39·0%)4440 (39·0%)..Age, years69·1 (15·4)69·1 (15·4)..ComorbiditiesHypertension617 (54·2%)5644 (49·6%)1·27 (1·10--1·46)Diabetes310 (27·2%)2311 (20·3%)1·50 (1·30--1·73)Dyslipidaemia444 (39·0%)3530 (31·0%)1·49 (1·30--1·70)Ischaemic heart disease119 (10·5%)862 (7·6%)1·46 (1·19--1·80)Heart failure80 (7·0%)400 (3·5%)2·18 (1·68--2·82)Atrial fibrillation138 (12·1%)970 (8·5%)1·54 (1·26--1·88)Thromboembolic disease44 (3·9%)290 (2·6%)1·55 (1·12--2·14)Cerebrovascular accident73 (6·4%)569 (5·0%)1·32 (1·02--1·70)COPD119 (10·5%)923 (8·1%)1·35 (1·10--1·66)Asthma78 (6·9%)630 (5·5%)1·26 (0·99--1·61)Cancer200 (17·6%)1573 (13·8%)1·35 (1·14--1·60)Chronic renal failure89 (7·8%)573 (5·0%)1·65 (1·29--2·09)Background cardiovascular riskCardiovascular diseases[†](#tbl1fn2){ref-type="table-fn"}312 (27·4)2403 (21·1%)1·98 (1·62--2·41)Cardiovascular risk factors[‡](#tbl1fn3){ref-type="table-fn"}504 (44·3)4983 (43·8%)1·46 (1·23--1·73)No cardiovascular disease or risk factors323 (28·4)4004 (35·2%)1 (ref)Current use[§](#tbl1fn4){ref-type="table-fn"}RAAS inhibitors497 (43·6%)3822 (33·6%)1·63 (1·43--1·87)ACE inhibitors240 (21·1%)2192 (19·2%)1·13 (0·97--1·31)Angiotensin-receptor blockers244 (21·4%)1616 (14·2%)1·70 (1·45--1·98)Aldosterone antagonists38 (3·3%)218 (1·9%)1·78 (1·25--2·53)Renin inhibitors1 (0·1%)8 (0·1%)1·25 (0·16--9·99)Other antihypertensive drugs529 (46·4%)3844 (33·8%)1·90 (1·66--2·18)Calcium-channel blockers212 (18·6%)1459 (12·8%)1·59 (1·35--1·87)Diuretics347 (30·5%)2579 (22·6%)1·58 (1·37--1·83)β-blockers200 (17·6%)1303 (11·4%)1·69 (1·43--1·99)α-blockers40 (3·5%)183 (1·6%)2·24 (1·58--3·18)Participating hospitalsHospital Universitario Príncipe de Asturias315 (27·7%)3150 (27·7%)..Hospital Universitario de La Princesa200 (17·6%)2000 (17·6%)..Hospital Universitario Ramón y Cajal176 (15·5%)1760 (15·5%)..Hospital Clínico San Carlos127 (11·2%)1270 (11·2%)..Hospital Central de la Defensa Gómez Ulla123 (10·8%)1230 (10·8%)..Hospital Universitario Puerta de Hierro-Majadahonda99 (8·7%)990 (8·7%)..Hospital Universitario de Getafe99 (8·7%)990 (8·7%)..[^2][^3][^4][^5][^6]

The prevalence of use of different subgroups of antihypertensive drugs was higher in cases than in controls, which yielded positive associations with risk of COVID-19 requiring admission to hospital in both crude and fully adjusted analyses compared with non-use of any antihypertensive drug (adjusted OR for RAAS inhibitors 1·71, 95% CI 1·46--2·01; and for other antihypertensive drugs 1·82, 1·47--2·26; [appendix p 9](#sec1){ref-type="sec"}). When use of other antihypertensive drugs was set as the reference category, the adjusted OR associated with the current use of RAAS inhibitors was 0·94 (0·77--1·15; [table 2](#tbl2){ref-type="table"} ). No significant increase in the risk of COVID-19 requiring admission to hospital was observed with either ACE inhibitors or angiotensin-receptor blockers, nor did we find any difference when these drugs were used in monotherapy or in combination with other drugs ([table 2](#tbl2){ref-type="table"}).Table 2Risk of COVID-19 requiring admission to hospital and current use of RAAS inhibitors compared with current use of other antihypertensive drugs (main analysis)**Cases (n=1139)Matched controls (n=11 390)Crude oddsratio**[\*](#tbl2fn1){ref-type="table-fn"}**Adjusted odds ratio**[†](#tbl2fn2){ref-type="table-fn"}Current use of other antihypertensive drugs155 (13·6%)1129 (9·9%)1 (ref)1 (ref)Current use of RAAS inhibitors497 (43·6%)3822 (33·6%)0·94 (0·77--1·14)0·94 (0·77--1·15)ACE inhibitors240 (21·1%)2192 (19·2%)0·78 (0·63--0·97)0·80 (0·64--1·00)Monotherapy82 (7·2%)757 (6·7%)0·75 (0·57--1·00)0·83 (0·62--1·12)Combinations158 (13·9%)1435 (12·6%)0·80 (0·63--1·01)0·78 (0·62--0·99)Angiotensin-receptor blockers237 (20·8%)1552 (13·6%)1·11 (0·89--1·38)1·10 (0·88--1·37)Monotherapy38 (3·3%)328 (2·9%)0·82 (0·56--1·20)0·87 (0·60--1·28)Combinations199 (17·5%)1224 (10·8%)1·18 (0·94--1·48)1·15 (0·92--1·45)Aldosterone antagonists19 (1·7%)71 (0·6%)2·05 (1·20--3·49)1·68 (0·97--2·91)Renin inhibitors1 (0·1%)7 (0·1%)1·08 (0·13--8·86)1·04 (0·13--8·62)Non-use487 (42·8%)6439 (56·5%)0·47 (0·38--0·58)0·55 (0·44--0·68)[^7][^8][^9]

The adjusted ORs associated with other antihypertensive drugs compared with non-use by different pharmacological subgroups were 1·96 (95% CI 1·43--2·69) for calcium-channel blockers, 1·79 (1·32--2·43) for diuretics, 1·68 (1·16--2·43) for β-blockers, and 1·96 (0·57--6·71) for α-blockers ([appendix p 9](#sec1){ref-type="sec"}). When the current use of calcium-channel blockers was set as the reference category, the adjusted OR was 0·87 (0·65--1·18) for RAAS inhibitors, 0·74 (0·54--1·02) for ACE inhibitors, and 1·02 (0·74--1·40) for angiotensin-receptor blockers ([appendix p 10](#sec1){ref-type="sec"}).

Compared with long-term (longer than 1 year) users of other antihypertensive drugs, long-term users of RAAS inhibitors had an adjusted OR of 0·96 (95% CI 0·76--1·21) for risk of COVID-19 requiring admission to hospital. Likewise, compared with short-term users (up to 1 year) of other antihypertensive drugs, short-term users of RAAS inhibitors had an adjusted OR of 1·39 (95% CI 0·92--2·10).

The results of the assessment of the potential effect modification of RAAS inhibitors by age (\<70 and ≥70 years), sex, diabetes, hypertension, and background cardiovascular risk are shown in [figure 2](#fig2){ref-type="fig"} . No significant interaction was observed with any variable, except for diabetes, for which a significantly reduced risk of COVID-19 requiring admission to hospital associated with RAAS inhibitors was observed (adjusted OR 0·53; 0·34--0·80; test of interaction, p=0·004; still significant after applying the Bonferroni correction for multiple testing \[corrected significance level fixed at 0·008\]).Figure 2Association between current use of RAAS inhibitors and risk of COVID-19 requiring admission to hospital compared with current use of other antihypertensive drugs, stratified by different variablesNumber (%) of cases and controls given is the number exposed to RAAS inhibitors in each stratum and the resulting odds ratio, adjusted for the matching variables and other comorbidities different from the one examined. RAAS=renin--angiotensin--aldosterone system.

393 (34·5%) of 1139 cases had the most severe form of COVID-19: 283 (24·8%) died in hospital and 110 (9·7%) survived but required admission to an ICU. The mean duration of hospital stay was 13 days (SD 8) among survivors and 11 days (SD 7) among non-survivors. Broadly, compared with patients with less severe COVID-19 in our study, patients with the most severe COVID-19 were older (mean age 75·3 years \[SD 12·3\] *vs* 65·8 years \[SD 15·9\]; p\<0·0001) and a higher proportion were male (264 \[67·2%\] of 393 with severe disease *vs* 431 \[57·8%\] of 746 with less severe disease; p=0·001; [table 3](#tbl3){ref-type="table"} ). Compared with current use of other antihypertensive drugs, the adjusted OR associated with the current use of RAAS inhibitors was 1·08 (95% CI 0·80--1·47) among the most severe cases and 0·86 (0·66--1·11) among the less severe cases ([table 3](#tbl3){ref-type="table"}). In both severity groups, the 95% CIs for the adjusted ORs of ACE inhibitors and angiotensin-receptor blockers compared with other antihypertensive drugs overlapped with each other, indicating no significant differences ([table 3](#tbl3){ref-type="table"}).Table 3Risk of COVID-19 requiring admission to hospital and current use of RAAS inhibitors compared with current use of other antihypertensive drugs, by severity of disease**Cases (n=1139)Matched controls (n=11 390)Adjusted odds ratio**[\*](#tbl3fn1){ref-type="table-fn"}**Most severe cases**n3933930*..*SexMale264/393 (67·2%)2640/3930 (67·2%)*..*Female129/393 (32·8%)1290/3930 (32·8%)..Age, years75·3 (12·3)75·3 (12·3)*..*Current useOther antihypertensive drugs64/393 (16·3%)484/3930 (12·3%)1 (ref)RAAS inhibitors[†](#tbl3fn2){ref-type="table-fn"}215/393 (54·7%)1592/3930 (40·5%)1·08 (0·80--1·47)ACE inhibitors101/393 (25·7%)905/3930 (23·0%)0·92 (0·65--1·29)Angiotensin-receptor blockers105/393 (26·7%)655/3930 (16·7%)1·25 (0·89--1·77)Non-use114/393 (29·0%)1854/3930 (47·2%)0·48 (0·34--0·69)**Less severe cases**n7467460*..*SexMale431/746 (57·8%)4310/7460 (57·8%)..Female315/746 (42·2%)3150/7460 (42·2%)*..*Age, years65·8 (15·9)65·8 (15·9)*..*Current useOther antihypertensive drugs91/746 (12·2%)645/7460 (8·7%)1 (ref)RAAS inhibitors[†](#tbl3fn2){ref-type="table-fn"}282/746 (37·8%)2230/7460 (29·9%)0·86 (0·66--1·11)ACE inhibitors139/746 (18·6%)1287/7460 (17·3%)0·74 (0·56--0·99)Angiotensin-receptor blockers132/746 (17·7%)897/7460 (12·0%)0·99 (0·74--1·33)Non-use373/746 (50·0%)4585/7460 (61·5%)0·57 (0·43--0·75)[^10][^11][^12]

In our first sensitivity analysis, the adjusted OR of current use of RAAS inhibitors compared with current use of other antihypertensive drugs corrected for secular trends was 0·90 (95% CI 0·74--1·11), and 0·76 (0·61--0·95) for ACE inhibitors and 1·09 (0·87--1·36) for angiotensin-receptor blockers. In our second sensitivity analysis, up to March 16, the adjusted OR associated with current use of RAAS inhibitors compared with current use of other antihypertensive drugs was 0·98 (95% CI 0·77--1·25) and for March 17 onwards was 0·88 (0·62--1·24; [figure 2](#fig2){ref-type="fig"}). In our third sensitivity analysis, the exclusion of aldosterone antagonists and renin inhibitors from the RAAS inhibitor group hardly had any effect (overall adjusted OR 0·92, 95% CI 0·76--1·12; among the most severe cases, 1·06, 0·78--1·44; and among the less severe cases, 0·84, 0·65--1·09; [appendix pp 11--12](#sec1){ref-type="sec"}). And in our final sensitivity analysis, the inclusion of hypertension in the multivariable model had little effect on the adjusted ORs for RAAS inhibitors (1·00, 0·82--1·23), ACE inhibitors (0·85, 0·68--1·06), or angiotensin-receptor blockers (1·17, 0·93--1·47).

Discussion {#cesec90}
==========

Here we show that the current use of RAAS inhibitors is not associated with an increased risk of COVID-19 requiring admission to hospital (including fatal cases and those admitted to an ICU) compared with other antihypertensive drugs. No substantial difference was observed between ACE inhibitors and angiotensin-receptor blockers, nor among short-term and long-term users. Sex, age, and background cardiovascular risk did not significantly affect the results, although use of RAAS inhibitors was associated with a reduced risk of COVID-19 requiring admission to hospital in patients with diabetes.

Our results do not support the hypothesis that previous intake of RAAS inhibitors facilitates or increases the severity of COVID-19. This hypothesis emerged when two facts were linked: the finding that RAAS inhibitors upregulate the expression of ACE2,[@bib3], [@bib4], [@bib5], [@bib19] and the observation that hypertension, diabetes, and ischaemic heart disease were highly prevalent among patients with severe COVID-19,[@bib9], [@bib10], [@bib11], [@bib12] conditions for which RAAS inhibitors are widely used. However, these facts are only two pieces of a more complex puzzle. Evidence to support the idea that ACE2 might have a dual role in COVID-19 is increasing.[@bib20] On the one hand, ACE2 overexpression might increase the susceptibility of cells to SARS-CoV-2, but, on the other hand, its downregulation associated with older age, male sex, and cardiovascular comorbidities, and further heightened by SARS-CoV-2 binding and internalisation[@bib21], [@bib22] could increase the unopposed action of angiotensin II and have a key role in the subsequent organ injury.[@bib23] ACE2 counteracts the deleterious effect of RAAS axis. In patients with COVID-19, Liu and colleagues[@bib24] reported that serum concentrations of angiotensin II were significantly higher in infected individuals than non-infected individuals and was linearly associated with viral load and lung damage. ACE2 inactivates angiotensin II and increases the generation of angiotensin 1--7, a peptide that, acting on the Mas receptor, exerts a vasodilatory effect and anti-inflammatory and antioxidative actions.[@bib20] In patients with acute respiratory distress syndrome (ARDS), Reddy and colleagues[@bib25] observed a higher ratio of angiotensin 1--7:angiotensin I among survivors than non-survivors, which adds evidence to the idea that the counter-regulation exerted by the axis of ACE2--angiotensin 1--7--Mas receptor benefits patients with ARDS. In line with this theory, recombinant soluble ACE2 has been shown in animal models of ARDS to protect subjects from lung injury,[@bib26], [@bib27], [@bib28] and clinical trials are underway in patients with COVID-19 ([NCT04287686](NCT04287686){#interrefs50}). Finally, to our knowledge, the case series of patients with COVID-19 published to date has not been adjusted for important potential confounding factors, such as sex, age, and cardiovascular comorbidities.[@bib29] In our study, we used controls who were matched to cases for sex and age, and we also adjusted for a number of comorbidities.

To our knowledge, two epidemiological studies have been published to date that aimed to explore the association between RAAS inhibitors and COVID-19 comparing severe cases with less severe cases among inpatients.[@bib30], [@bib31] Neither of these studies found an increased risk of severe outcomes associated with these drugs, and in one study[@bib30] a substantially reduced risk of death and transfer to a critical care unit within 7 days of admission to hospital was observed among users of ACE inhibitors (OR 0·29, 95% CI 0·10--0·75). Notably, in both studies, the authors considered not only exposure to ACE inhibitors before (7 days) or at admission to hospital, but also during hospital stay. In our study we used population controls, not just a case series, and only considered drugs used before admission.

Several cardiovascular comorbidities are clearly linked to severe COVID-19, and RAAS inhibitors are often used to treat such cardiovascular conditions; thus substantial confounding by indication can be expected.[@bib32] In our view, this bias explains the positive association we found between current use of any antihypertensive drug and risk of COVID-19 requiring admission to hospital compared with non-use of such drugs, which did not disappear after full adjustment for comorbidities. This problem can be mitigated if current users of RAAS inhibitors are compared with current users of other drugs that share, at least partially, their indications, but not their safety issues.[@bib32] For instance, some researchers have recommended calcium-channel blockers as a suitable alternative treatment to RAAS inhibitors, because calcium-channel blockers have not been reported to increase the expression of ACE2.[@bib8] Following this reasoning, other antihypertensive drugs in general, and calcium-channel blockers in particular, can be considered a more valid comparator group than non-use of such drugs. We followed this approach and reassuringly we found no increased risk when using either of these drug groups as the reference group. Nevertheless, RAAS inhibitors do not share all indications with other antihypertensive drugs; hence, the comorbidity pattern associated with use of these drugs might not overlap and some residual confounding by indication could remain. To explore the extent of this possibility, we examined the comorbidity pattern associated with various types of antihypertensive drugs among controls and found much fewer differences among the types of drug than when they were compared with non-users, which reinforces the validity of our approach ([appendix p 13](#sec1){ref-type="sec"}).

The risk reduction associated with RAAS inhibitors among individuals with diabetes who had been admitted to hospital for COVID-19 (not explained by chance) deserves a comment. Diabetes has been reported as a risk factor for severe COVID-19.[@bib33] The biological underpinning for this clinical observation is not yet known, but experimental models of diabetes in mice have shown that ACE activity is high in the lungs.[@bib34] If this activity also occurs in humans, patients with diabetes who have COVID-19 might present a great imbalance in the ACE:ACE2 ratio (ACE activity would be high due to diabetes and ACE2 would be low due to downregulation induced by SARS-CoV-2) that could explain the increased severity of COVID-19 among patients with diabetes and also the protective effect of RAAS inhibitors suggested by our data.

The lack of an increased risk of COVID-19 requiring admission to hospital associated with RAAS inhibitors (compared with other antihypertensive drugs) was found in both patients with most severe and less severe disease, suggesting that the outpatient use of these drugs neither facilitates nor aggravates the infection.

Our study has several limitations. First, we used different data sources to extract information from cases (hospital records and primary health-care records through HORUS, consulted case by case by local researchers) and controls (BIFAP database, which automatically extracted data from primary health-care records); however, both HORUS and BIFAP access the same primary health-care data, which was the main source for determining comorbidity and drug exposure in our study, making major information bias unlikely. Second, cases were recorded as of March, 2020, whereas controls were sourced from records in March, 2018, which might have affected the results due to secular trends in use of antihypertensive drugs; however, when we corrected for secular trends we saw little change in the estimated adjusted OR. Third, we did not collect data on smoking and other lifestyle habits (eg, exercise, diet, alcohol intake), which might have affected the association between RAAS inhibitors and COVID-19 requiring admission to hospital; however, these habits are correlated with several comorbidities that were included in the regression model. Fourth, we obtained information on drug prescriptions, but adherence to treatment cannot be guaranteed. Hence, when we have used the term drug use, we should say drug prescribed. The effect of non-adherence in our results is difficult to measure but would most probably cause a non-differential misclassification of exposure that, if relevant, would distort the estimates towards the null value. Fifth, we did not collect information on clinical and analytical covariates during patients\' stay in hospital, nor did we collect information on in-hospital treatment (eg, if RAAS inhibitors were continued or withheld in hospital), which might have been interesting for the assessment of the association of antihypertensive drugs with severity of and fatality due to COVID-19. Sixth, we did not analyse any dose effects. Finally, as in any other observational study, residual confounding due to unmeasured or unknown confounders cannot be ruled out.

In summary, the results of the present study suggest that the outpatient use of RAAS inhibitors does not increase the risk of COVID-19 requiring admission to hospital, including its most severe forms. This finding should be confirmed using other data sources, study designs, and populations. Meanwhile, the data available, along with the important role of ACE inhibitors and angiotensin-receptor blockers in the management of several cardiovascular diseases, do not support their discontinuation as a preventive measure against COVID-19.
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[^1]: Listed at the end of the Article

[^2]: Data are n (%), mean (SD), or odds ratio with 95% CI in parentheses. ACE=Angiotensin-converting enzyme. COPD=chronic obstructive pulmonary disease. RAAS=renin--angiotensin--aldosterone system.

[^3]: The exposure to the specific comorbidity or drug was compared with non-exposure of that specific comorbidity or drug; crude odds ratios are adjusted for sex and age.

[^4]: Includes ischaemic heart disease, cerebrovascular accident, heart failure, atrial fibrillation, and thromboembolic disease.

[^5]: Includes hypertension, dyslipidaemia, diabetes, and chronic renal failure.

[^6]: Patients can be counted several times if they were current users of two or more antihypertensive drugs belonging to different pharmacological classes, hence total exceeds 100%.

[^7]: Data are n (%) or odds ratio with 95% CI in parentheses. The different pharmacological classes examined are mutually exclusive categories, so that patients who used combinations are counted only once, applying the following criteria: ACE inhibitors include current users of any ACE inhibitors alone or combined with any other antihypertensive drug (in fixed-dose combinations or in different medicinal products); angiotensin-receptor blockers include current users of any angiotensin-receptor blocker, alone or combined with any other antihypertensive drug that is not an ACE inhibitor (in fixed-dose combinations or in different medicinal products); aldosterone antagonists include current users of any antagonist of aldosterone, alone or combined with any other antihypertensive drug that is not an ACE inhibitor or angiotensin-receptor blocker (in fixed-dose combinations or in different medicinal products); other antihypertensive drugs include calcium-channel blockers, diuretics, β-blockers, and α-blockers, alone or combined (excluding RAAS inhibitors; either in fixed-dose combinations or in different medicinal products). ACE=angiotensin-converting enzyme. RAAS=renin--angiotensin--aldosterone system.

[^8]: Adjusted for sex and age.

[^9]: Adjusted for the matching variables plus history of diabetes, dyslipidaemia, ischaemic heart disease, heart failure, atrial fibrillation, thromboembolic disease, cerebrovascular accident, chronic obstructive pulmonary disease, asthma, cancer, and chronic renal failure.

[^10]: Data are n (%), mean (SD), and odds ratio with 95% CI in parentheses. Most severe cases are those who died and those admitted to an intensive care unit. Less severe cases are all other inpatients. The different pharmacological classes examined are mutually exclusive categories, so that patients who used combinations are counted only once, applying the following criteria: ACE inhibitors include current users of any ACE inhibitors alone or combined with any other antihypertensive drug (in fixed-dose combinations or in different medicinal products); angiotensin-receptor blockers include current users of any angiotensin-receptor blocker, alone or combined with any other antihypertensive drug that is not an ACE inhibitor (in fixed-dose combinations or in different medicinal products); and other antihypertensive drugs include calcium-channel blockers, diuretics, β-blockers, and α-blockers, alone or combined (excluding RAAS inhibitors; either in fixed-dose combinations or in different medicinal products). ACE=angiotensin-converting enzyme. RAAS=renin--angiotensin--aldosterone system.

[^11]: Adjusted for the matching variables plus history of diabetes, dyslipidaemia, ischaemic heart disease, heart failure, atrial fibrillation, thromboembolic disease, cerebrovascular accident, chronic obstructive pulmonary disease, asthma, cancer, and chronic renal failure.

[^12]: Including ACE inhibitors, angiotensin-receptor blockers, aldosterone antagonists, and renin inhibitors.
